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Patterns of polymorphism and divergence in Drosophila protein-coding genes suggest that a considerable fraction of
amino acid differences between species can be attributed to positive selection and that genes with sex-biased expression,
that is, those expressed predominantly in one sex, have especially high rates of adaptive evolution. Previous studies,
however, have been restricted to autosomal sex-biased genes and, thus, do not provide a complete picture of the
evolutionary forces acting on sex-biased genes across the genome. To determine the effects of X-linkage on sex-biased
gene evolution, we surveyed DNA sequence polymorphism and divergence in 45 X-linked genes, including 17 with
male-biased expression, 13 with female-biased expression, and 15 with equal expression in the 2 sexes. Using both
single- and multilocus tests for selection, we found evidence for adaptive evolution in both groups of sex-biased genes.
The signal of adaptive evolution was particularly strong for X-linked male-biased genes. A comparison with data from 91
autosomal genes revealed a ‘‘fast-X’’ effect, in which the rate of adaptive evolution was greater for X-linked than for
autosomal genes. This effect was strongest for male-biased genes but could be seen in the other groups as well. A
genome-wide analysis of coding sequence divergence that accounted for sex-biased expression also uncovered a fast-X
effect for male-biased and unbiased genes, suggesting that recessive beneﬁcial mutations play an important role in
adaptation.
Introduction
Genes that differ in expression between males and fe-
males, known as sex-biased genes, can provide insight into
a number of important issues in genome evolution. This is
because they may be subject to differing selective con-
straints depending on the sex in which they are expressed
or they may experience conﬂicting selective pressures in
males and females (reviewed by Ellegren and Parsch
2007). In Drosophila, male-biased genes, especially those
expressed in reproductive tissues, show consistently high
levels of adaptive protein evolution (Pro ¨schel et al.
2006), as well as elevated levels of amino acid divergence
between species (Zhang et al. 2004; Haerty et al. 2007;
Zhang et al. 2007; but see Metta et al. 2006 and Dorus
etal.2006forexceptions).Female-biasedgenesshowasig-
nal of adaptive evolution that is weaker and less consistent
than that of male-biased genes, but stronger than that of
genes expressed equally in the 2 sexes (unbiased genes;
Pro ¨schel et al. 2006). Previous studies that have used com-
bined polymorphism and divergence data to infer the type
and strength of selection acting on sex-biased genes have
thus far been limited to autosomal genes. Because males
and females differ in ploidy of the X chromosome, a similar
analysis of X-linked sex-biased genes may prove valuable
for uncovering evolutionary differences between the X
chromosome and the autosomes (reviewed by Vicoso
and Charlesworth 2006).
Microarray studies of Drosophila species have re-
vealed an unequal distribution of sex-biased genes between
the X chromosome and autosomes, with male-biased genes
greatly underrepresented and female-biased genes slightly
overrepresented on the X (Parisi et al. 2003; Ranz et al.
2003; Sturgill et al. 2007). Because theory predicts that
X-linked genes may respond differently to sexual antago-
nism, depending on the dominance of the antagonistic ef-
fects (Rice 1984; Charlesworth et al. 1987), these
observations have led some authors to propose that the un-
even distribution of sex-biased genes may be the result of
such genetic conﬂict (Parisi et al. 2003; Ranz et al. 2003;
Connallon and Knowles 2005; but see Rogers et al. 2003
and Vicoso and Charlesworth 2006). The evolution of
genes residing on the X chromosome may also be inﬂu-
enced by the so-called ‘‘fast-X’’ effect, which leads to
a higher rate of adaptive substitution at X-linked loci
if new beneﬁcial mutations are, on average, recessive
(Charlesworth et al. 1987; Orr and Betancourt 2001). This
effect may be especially relevant to male-biased genes, as
theyshowhighratesofadaptiveevolutionandareprimarily
subject to selection in the heterogametic sex (Vicoso and
Charlesworth 2006; Ellegren and Parsch 2007).
A number of recent studies have provided evidence
for the faster evolution of X-linked genes in mammals
(Torgerson and Singh 2003; Wang and Zhang 2004;
Khaitovich et al. 2005; Lu and Wu 2005; Nielsen et al.
2005; Torgerson and Singh 2006; Baines and Harr 2007)
and Z-linked genes in birds (Mank et al. 2007). However,
similar studies in Drosophila have produced mixed results.
These studies adopted several different strategies to test for
a fast-X effect, including 1) comparing large numbers of
X-linked and autosomal genes (Betancourt et al. 2002;
Richards et al. 2005; Musters et al. 2006; Connallon
2007),2)comparingX-linkedandautosomalduplicategenes
(ThorntonandLong2002,2005),and3)comparingorthologs
that differ in chromosomal location between lineages due to
translocation(Countermanetal.2004;Thorntonetal.2006).
Althoughsomeoftheabovestudiesfoundevidenceforafast-
X effect (Thornton and Long 2002, 2005; Counterman et al.
2004; Musters et al. 2006), 2 recent and extensive analyses
found no evidence for faster-X evolution (Thornton et al.
2006;Connallon2007).However,thesestudieseitherlacked
polymorphism data necessary for estimating the rate of
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forsex-biasedgenes(Connallon2007).Agenome-wideanal-
ysis of polymorphism and divergence in Drosophila simu-
lans revealed a general increase in the evolutionary rate of
X-linkedloci(includingnoncodingsequences),althoughthis
effect could notbe attributedto an increased rate of adaptive
evolution (Begun et al. 2007). Comparative analysis of 12
Drosophila genome sequences using codon-based substitu-
tionmodelsuncoveredamarginallysigniﬁcantexcessofpos-
itively selected genes on the X chromosome (Drosophila
12 Genomes Consortium 2007), although this was not con-
sistent over different lineages of the Drosophila phylogeny
(Singh et al. 2007).
Here we analyze polymorphism and divergence in
a set of 45 X-linked genes that were speciﬁcally chosen
on the basis of their relative expression level in the 2 sexes.
This includes 17 male-biased genes, 13 female-biased
genes, and 15 unbiased genes. Genes and population sam-
ples were selected to be directly comparable to previ-
ously published data from 91 autosomal sex-biased
genes (Pro ¨schel et al. 2006). Overall, we detect a signiﬁcant
signal of positive selection in the X-linked sex-biased
genes, with the strongest and most consistent signal in
the male-biased genes. This matches the pattern seen for
autosomal genes. Additionally, we ﬁnd evidence for in-
creased adaptive evolutionof X-linked genes,which is con-
sistent with a fast-X effect. Comparative genomic analysis
of Drosophila melanogaster, D. simulans, and Drosophila
yakuba also reveals a strong fast-X effect for male-biased
genes and a weak, but signiﬁcant, fast-X effect for unbiased
genes. These results suggest the frequent occurrence of re-
cessive beneﬁcial mutations.
Materials and Methods
Gene Selection
Sex-biased and unbiased genes were chosen following
the criteria of Pro ¨schel et al. (2006), with the additional re-
quirement that all genes be located on the X chromosome.
Brieﬂy, the combined expression data of 3 independent mi-
croarray experiments performedon D. melanogaster(Parisi
etal.2003;Ranzetal.2003;Gibsonetal.2004)wasusedto
deﬁne a high-quality consensus set of sex-biased genes
(Gnad and Parsch 2006). Male-biased genes were required
to havean average male/female expression ratioofatleast2
(mean 5 6.0), whereas female-biased genes were required
tohaveamale/femaleexpressionratio,0.5(mean50.36).
Unbiased genes were required to have a male/female ex-
pression ratio between 0.5 and 2.0 but were generally se-
lected to have a ratio very near 1.0 (mean 5 1.01). A
complete list of genes is given in supplementary table S1
(Supplemental Material online).
Because one of the microarray data sets used for gene
selection compared male and female reproductive tissues
(Parisi et al. 2003), we expect many of our genes to be ex-
pressed in the gonads. Using the tissue-speciﬁc expression
data of FlyAtlas (Chintapalli et al. 2007), we ﬁnd that 16
of the 17 X-linked male-biased genes have enriched ex-
pression in testis. The remaining gene (CG1503) shows
enrichment in accessory gland, as well as in other tissues
(brain, crop, midgut). On average, the degree of testis en-
richment for the 17 genes was 11-fold in comparison to
the whole ﬂy. Similarly, we found that all 33 of the auto-
somal male-biased genes from Pro ¨schel et al. (2006) were
expressed in testis, with an average enrichment of 10-fold.
For the X-linked female-biased genes, 12 out of 13 showed
enriched expression in ovary (average 5 1.9-fold), whereas
the remaining gene (CG3004) showed enrichment in
tubule, midgut, and hindgut. All 28 of the autosomal fe-
male-biased genes from Pro ¨schel et al. (2006) showed
ovary enrichment (average 5 2.2-fold). In general, the
male-biased genes showed greater gonad enrichment and
greater sex bias in their expression than the female-biased
genes, which is consistent with patterns reported for the
whole genome (Gibson et al. 2004; Parisi et al. 2004).
In order to minimize the effects of other factors known
to inﬂuence rates of evolution, such as coding sequence
length, intron length, or recombination rate (Comeron
and Kreitman 2002; Comeron and Guthrie 2005;
Presgraves 2005; Zhang and Parsch 2005; Haddrill et al.
2007), genes were selected to fall within a relatively narrow
length distribution, have similar intron/exon structures, and
experience similar levels of recombination. The average
gene lengths in base pairs (standard deviations) for male-,
female-, and unbiased genes were 896 (204, n 5 17),
968 (259, n 5 13), and 837 (232, n 5 15), respectively.
The average recombination rates (standard deviations), in
terms of the measure R (Hey and Kliman 2002) were
3.36 (1.37), 3.34 (1.24), and 2.96 (1.41) for male-,
female-, and unbiased genes, respectively.
Aside from the male/female expression ratio, no
other functional information was used in gene selection.
The vast majority (89%) were unnamed genes known
only by their annotation numbers, and only 24% were as-
sociated with a Gene Ontology molecular function. None
of the genes was previously known to have undergone
adaptive evolution, and none belonged to a functional
group known to experience frequent adaptive evolution,
such as accessory protein genes or immune response
genes (Swanson et al. 2001; Schlenke and Begun
2003). Furthermore, interspeciﬁc divergence was not
considered during gene selection. Thus, we expect that
our geneset is arandom sampleofX-linkedgenesof each
sex-biased expression class.
Fly Strains, Polymerase Chain Reaction, and Sequencing
For the polymorphism survey, we used 12 highly in-
bredD.melanogasterstrainsfromLakeKariba,Zimbabwe.
These same strains were used in previous genome-wide
polymorphism surveys (Glinka et al. 2003; Ometto et al.
2005; Pro ¨schel et al. 2006), which allows us to directly
compare results between studies. The D. melanogaster ge-
nome (release 4.0; http://www.ﬂybase.org) was used to de-
sign polymerase chain reaction (PCR) primers ﬂanking the
coding sequence of each target gene. A complete list of the
PCR primers, as well as the cycling conditions used for
each gene, is provided in supplementary table S2 (Supple-
mental Material online). When possible, the same primers
were used to amplify the orthologous gene from a highly
inbred strain of D. simulans from Chapel Hill, NC
1640 Baines et al.(Meiklejohn et al. 2004). Following PCR, the ampliﬁed
products were puriﬁed with ExoSAP-IT (USB, Cleveland,
OH) and sequenced from both strands using BigDye chem-
istryanda3730automatedsequencer(AppliedBiosystems,
Foster City, CA). The PCR primers were used as sequenc-
ing primers. When necessary, additional internal sequenc-
ing primers were used (see supplementary table S2,
Supplemental Material online). For some genes, we were
unable to get successful PCR or DNA sequence from all
12 D. melanogaster strains. The average number of strains
sequenced per gene was 11 (see supplementary table S1,
Supplemental Material online). For 29 genes, we were un-
able to obtain a PCR product from D. simulans. In these
cases, we used the sequence from the D. simulans genome
project (Washington University School of Medicine Ge-
nome Sequencing Center) downloaded from the UCSC
Genome Browser (http://genome-test.cse.ucsc.edu/). For
all genes, the D. yakuba sequence was downloaded from
the above source. All new DNA sequences have been
submitted to the GenBank/EMBL databases under the ac-
cession numbers AM998825–AM999334.
Analysis of Polymorphism and Divergence
Basic polymorphism and divergence statistics were
calculated using DnaSP 4 (Rozas et al. 2003). For McDonald-
Kreitman (MK) table data, we used the number of segre-
gating mutations (instead of the number of segregating
sites) because some genes had sites with 3 segregating var-
iants. In these cases, the frequency of each mutation was
considered separately for calculation of Tajima’s D and the
identiﬁcation of singleton polymorphisms. For divergence,
we included only sites showing a ﬁxed difference between
D. melanogaster and D. simulans. Multilocus Tajima’s D
tests were performed using the HKA program, which was
kindly provided by J. Hey. To calculate the fraction of pos-
itively selected amino acid substitutions, a, with the
method of Bierne and Eyre-Walker (2004), we used the
DoFE program, which was kindly provided by A. Eyre-
Walker. The method of Bustamante et al. (2002) for esti-
mating the posterior distribution of the selection parameter,
c, was implemented through the MKPRF web server
(http://cbsuapps.tc.cornell.edu/mkprf.aspx).
To estimate the ﬁtness effects of the complete mu-
tational distribution for each gene or group of genes,
we modiﬁed the method of Sawyer et al. (2003, 2007)
toinclude a third,outgroupspecies (D.yakuba).Thepop-
ulation pedigree of the 3 species was parameterized by 2
time parameters,t1 for the distance from the present to the
common ancestor of D. melanogaster and D. simulans
and t2 for the distance between that common ancestor
and the common ancestor of the 3 species. The times
t1 and t2 are measured in generations scaled by the
within-species haploid effective population size, which
was assumed to be the same for the 3 species. In partic-
ular, the scaled evolutionary distance in the pedigree be-
tween the present and the root is t1 þ t2 and the distance
between the common ancestor of D. melanogaster and D.
simulans,a n dD. yakuba is 2t2 þ t1.
An extended 2   3 MK table (also known as a DPRS
table) was calculated for each of the 45 loci, with rows of
the tables correspondingto nonsynonymous (R) and synon-
ymous (S) codon positions, respectively. The ﬁrst column
entriesarethenumbersofcodonpositionsthatarepolymor-
phic within the D. melanogaster sequences, with adjust-
ments for codon positions that show evidence for more
than 1mutation since thecommon ancestorof the 3species.
Speciﬁcally, a codon position with K . 2 segregating
codons was counted as K   1 . 1 polymorphisms instead
of 1. Codon positions with missing data in any sequence
were disregarded in the analysis.
The second columninthe DPRS table isthe numberof
‘‘ﬁxed difference’’ codon positions between D. simulans
and D. melanogaster at that locus, which was computed
as the number of codon positions at which the single D.
simulans codon differs from all segregating codons in
the D. melanogaster sample at that codon position. Simi-
larly, the third DPRS column is the number of codon posi-
tions at which the D. yakuba codon differs from the D.
melanogaster and D. simulans samples combined. In par-
ticular, the ﬁrst 2 columns are determined entirely by the D.
melanogaster and D. simulans sequences, although the
counts are inﬂuenced by the need for a common alignment
with the D. yakuba sequence.
The third-column DPRS counts are the result of mu-
tations inapathoflength2t2þt1inthepopulationpedigree
that does not overlap with the pedigree of D. melanogaster
and D. simulans. It follows from the basic model assump-
tions (Sawyer and Hartl 1992) that the third-column counts
areindependent oftheﬁrst 2columns,and from thisthat the
DPRS counts are independent Poisson random variables
with means given by model parameters. The 45 2   3
DPRS tables derived from the locus alignments were ana-
lyzed using a Markov Chain Monte Carlo method similar to
that of Sawyer et al. (2007) for 2   2 DPRS tables. While
the scaled synonymous and nonsynonymous mutation rates
hs and hr for each locus are assumed constant on the
3-species pedigree, the only additional parameter is the sec-
ond divergence time t2. As in previous models (Bustamante
etal.2002;Sawyeretal.2003,2007),theratios hr/hsarenot
constant across loci because nonsynonymous mutations
that result in strongly deleterious protein products are effec-
tively censored in the diffusion time scale, which results in
smaller estimated values of hr.
See Templeton (1996) for other examples of the use of
MK-like tables of size larger than 2   2.
Comparative Genomic Analysis
Genome-wide comparisons of nonsynonymous/syn-
onymous substitution rates (dN/dS) of male-, female-, and
unbiased genes were performed using the high-quality 2-
fold sex-biased gene set and dN/dS values downloaded from
theSebidadatabase(GnadandParsch2006;http://www.se-
bida.de). Genes located on chromosome 4 and those not
mapped to chromosomal locations were excluded from
the analysis. In addition, we required that the alignment
of each gene between D. melanogaster and D. simulans
(or D. yakuba) span at least 80% of the codons in the D.
melanogaster protein-coding sequence. The higher quality
of the D. yakuba sequence assembly (Drosophila 12 Ge-
nomes Consortium 2007) resulted in a greater number of
Evolution of X-Linked Sex-Biased Genes 1641alignedgenesbetweenD.melanogasterandD.yakubathan
between D. melanogaster and D. simulans. Repeating the
above analysis using a sex-biased gene set deﬁned by a sta-
tisticalcutoff(falsediscovery rate of10%; Gnadand Parsch
2006) instead of a fold-change cutoff produced nearly iden-
tical results, which are not shown. Similarly, varying the
percentage of aligned codons required between species
from 50% to 100% had negligible effect on the results
(not shown).
Results
MK Tests
In total, we collected DNA sequence polymorphism
and divergence data for 45 X-linked protein-coding genes,
including 17 with male-biased, 13 with female-biased, and
15 with unbiased expression. To evaluate the type of selec-
tion operating on individual genes, we applied single-locus
MK (McDonald and Kreitman 1991) tests (table 1). The
highest proportion of signiﬁcant MK tests was found for
male-biased genes (7/17), all of which deviated in the di-
rection of positive selection (i.e., a relative excess of non-
synonymous divergence; table 2). Female-biased and
unbiased genes displayed lower proportions of signiﬁcant
deviations from neutrality (3/13 and 3/15, respectively)
and were less consistent in the direction of their departure
(2 and 1 departed in the direction of positive selection,
respectively; table 2). The 3genes with signiﬁcant MK tests
that were inconsistent with positive selection (i.e., those
with a relative excess of nonsynonymous polymorphism)
appear to be cases of weak purifying selection (see below).
Application of the MK test to the summed values of poly-
morphism and divergence within each class revealed a sig-
niﬁcantdeparturefromneutralityinthedirectionofpositive
selection for both male- and female-biased genes, whereas
the unbiased genes did not differ from the neutral expecta-
tion (table 1). Although the use of summed MK tables
can potentially lead to a false signal of positive selection
(Shapiro et al. 2007), this does not appear to be the case
for our data, as the individual MK tables for male- and
female-biased genes show a consistent trend toward a rela-
tive excess of nonsynonymous divergence (see supplemen-
tary table S1, Supplemental Materials online).
Estimation of the Proportion of Adaptive Amino Acid
Replacements, a
The maximum likelihood method of Bierne and Eyre-
Walker (2004) extends the MK test to multiple loci to
estimate the fraction of amino acid replacements between
species that were ﬁxed by positive selection (a). In the case
of neutral evolution, a is expected to be 0. A positive value
of a indicates positive selection, whereas a negative value
can indicate either balancing or weak purifying selection.
Table 1
Summary of Polymorphism and Divergence Statistics
Bias Number of Genes Signiﬁcant MK Tests
a Positive Selection
b Ds
c Ps
d Dn
e Pn
f P Value
g
Male 17 7 7 464 235 645 96 ,0.0001
Female 13 3 2 256 129 185 44 0.0001
Unbiased 15 3 1 227 182 129 96 0.66
a MK tests were performed for each gene and considered signiﬁcant if P , 0.05.
b Genes with signiﬁcant MK tests showing a relative excess of nonsynonymous ﬁxed differences.
c The total number of synonymous ﬁxed differences.
d The total number of synonymous polymorphisms.
e The total number of nonsynonymous ﬁxed differences.
f The total number of nonsynonymous polymorphisms.
g The P value of the summed data as determined by a v
2 test.
Table 2
Genes with Signiﬁcant MK Tests
Gene Bias Ds Ps Dn Pn P Value
a Positive Selection? TDsyn
b TDnon
c
CG1314 Male 33 12 80 4 0.001 Yes  1.30  0.82
CG12681 Male 47 5 120 3 0.049 Yes 0.98 0.60
CG1950 Male 33 20 64 15 0.018 Yes 0.12  0.80
CG5662 Male 15 23 20 8 0.013 Yes  0.01 0.23
CG5334 Male 21 5 63 3 0.034 Yes 0.25  1.61
CG18341 Male 26 22 18 2 0.003 Yes  0.08  1.42
CG10920 Male 43 24 56 11 0.010 Yes  0.06  0.27
CG9125 Female 34 11 62 5 0.013 Yes  0.70 0.52
CG3004 Female 23 18 7 0 0.036 Yes  0.43 —
CG1749 Female 26 5 4 9 0.001 No  0.94  0.62
CG1751 Unbiased 10 1 1 2 0.045 No  1.14  1.45
CG14772 Unbiased 10 2 3 5 0.033 No  1.46  1.12
CG9723 Unbiased 36 18 61 5 0.001 Yes  0.46  1.01
Symbols are the same as in table 1.
a P value was determined by G-test when applicable, otherwise by Fisher’s exact test.
b Tajima’s D for synonymous sites.
c Tajima’s D for nonsynonymous sites.
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signiﬁcantly greater than 0 (ﬁg. 1A). The estimated a for
female-biased genes was 33% but did not differ signiﬁ-
cantly from 0. In the case of unbiased genes, the estimated
a was negative (ﬁg. 1A). This appears to be the result of
weak purifying selection, which allows slightly deleterious
nonsynonymous mutations to persist at low frequency in
a population but prevents them from reaching ﬁxation. This
interpretation is supported by the overall low frequency of
nonsynonymous polymorphisms, as measured by Tajima’s
(1989)Dstatistic(table3).TheaverageTajima’sDfornon-
synonymous sites was negative and consistently lower than
the corresponding average for synonymous sites in all 3
groups of genes (table 3). This suggests that all the above
a values may be underestimates. In an effort to reduce this
effect, we repeated the analysis after removing low-
frequency (singleton) polymorphisms at both synonymous
and nonsynonymous sites. This led to higher estimates of a
(76%, 31%, and 30% for male-, female-, and unbiased
genes, respectively), but again only male-biased genes
showed signiﬁcant evidence of positive selection (ﬁg. 1B).
For comparison, ﬁgure 1 also shows the a estimates
for autosomal genes of the 3 expression categories
(Pro ¨schel et al. 2006). Overall, the X-linked and autosomal
genes showed a similar pattern, with the strongest signal of
positive selection in the male-biased genes. In addition, the
male-biased genes showed a consistent difference between
the X chromosome and autosomes, with a higher a for
X-linked genes. However, in all cases there was consider-
able overlap in the 95% conﬁdence intervals (CIs) of a for
X-linked and autosomal genes (ﬁg. 1).
Estimation of the Selection Parameter, c
The Bayesian analysis method of Bustamante et al.
(2002) uses MK table data to estimate the selection param-
eter c 5 2Nes (where Ne is the effective population size and
s is the selection coefﬁcient) for amino acid replacements in
a group of genes, under the assumption that c is normally
distributed among genes. In the case of neutral evolution, c
isexpectedto be0. Apositive cindicates positiveselection,
whereas a negative c can indicate either balancing or weak
purifying selection. Application of this method to our data
produced c estimates of 4.7 and 2.5 for male- and female-
biased genes, respectively (ﬁg. 2A). In both cases, the pro-
portion of the distribution falling below 0 was less than 1%
[P(c   0) 5 0.0001 and P(c   0) 5 0.0095, for male- and
female-biased genes, respectively], indicating positive se-
lection favoring amino acid replacements. In contrast,
the mean c for unbiased genes was  0.8 [P(c   0) 5
0.92], indicating weak purifying selection against nonsy-
nonymous mutations. After repeating the analysis with sin-
gleton polymorphisms removed as above, the estimates for
male-, female- and unbiased genes were 7.4, 2.1, and 0.5
[P(c   0) , 0.0001, P(c   0) 5 0.0019, and P(c   0) 5
0.19, respectively; ﬁg. 2B].
Figure 2 also shows the c distributions of the autoso-
mal genes surveyed by Pro ¨schel et al. (2006). A large dif-
ference between X-linked and autosomal male-biased
genes is evident, with the average c of the X-linked genes
being 5-fold higher than that of the autosomal genes [P(X  
Auto) , 0.0001]. Interestingly, after correcting for weak pu-
rifying selection,boththeX-linkedand autosomalunbiased
genesdisplayedsimilardistributionscenteredon0,whereas
X-linked and autosomal female-biased and autosomal
male-biased genes displayed similar distributions centered
on c ; 2 (ﬁg. 2B). The X-linked male-biased genes had by
far thehighestmean c,which was 3-fold greater than that of
the autosomal male-biased genes [P(X   Auto) , 0.0001].
FIG. 1.—Maximum likelihood estimates of the fraction of positively
selected amino acid replacements (a) for X-linked and autosomal genes
with male-, female-, or unbiased expression using the method of Bierne
and Eyre-Walker (2004). (A) Estimates of a using all polymorphic sites.
(B) Estimates of a after removal of low-frequency (singleton) poly-
morphisms. Error bars indicate 95% CI. Asterisks indicate genes with
a signiﬁcant signal of positive selection. **P , 0.01, ***P , 0.001.
Table 3
Average Values of Tajima’s D
Bias Synonymous Nonsynonymous
Male  0.13 (0.368)  0.61 (0.013)
Female  0.29 (0.214)  0.46 (0.091)
Unbiased  0.54 (0.029)  0.77 (0.002)
P values (in parentheses) were determined as the proportion of 1000
simulations giving a D value lower than or equal to the observed.
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Sawyer et al. (2003, 2007) extended the approach of
Bustamante et al. (2002) to estimate the distribution of se-
lection parameters associated with nonsynonymous muta-
tions within and among genes. The underlying model
assumes that the selective effects of nonsynonymous muta-
tions are normally distributed within genes but that their
mean may vary among genes. There are several advantages
to this approach. First, it allows the estimation of the selec-
tionparameter(c)forseveralclassesofnonsynonymousmu-
tations, including those newly arising in a population, those
currently segregating in a population, and those ﬁxed be-
tween species. Second, because the distribution of c for
all nonsynonymous ﬁxed differences is inferred, it is possi-
ble to estimate the proportion of positively selected amino
acid replacements (a) using different deﬁnitions of positive
selection (e.g., c . 0, c . 2). Finally, because the selective
effects of segregating polymorphisms are estimated (includ-
ing those that are slightly deleterious), it is not necessary to
remove low-frequency polymorphisms from the data.
We modiﬁed the approach of Sawyer et al. (2007) to
include a single sequence of each gene from a third species
(D. yakuba) that serves as an outgroup to D. melanogaster
and D. simulans and allows for better estimation of the
selective constraint on each gene over the 2 in-group line-
ages. Application of this method to the 45 X-linked genes
revealed several differences between sex-biased and unbi-
ased genes. Both male- and female-biased genes had a sig-
niﬁcantly higher proportion of positively selected new and
segregating mutations, as well as ﬁxed differences between
species, than unbiased genes (table 4). In all of the above
cases, male-biased genes had a higher proportion of posi-
tively selection mutations than female-biased genes, al-
though none of these comparisons was signiﬁcant.
Consistent with previous ﬁndings for autosomal genes
(Sawyer et al. 2007), a strict deﬁnition of positive selection
(c . 0) produced a estimates of 95% or higher for all
groupsofgenes.Thisvaluedropsfairlyrapidlyasthecutoff
c value for positive selection increases, making the differ-
ences among male-, female-, and unbiased genes more ap-
parent (ﬁg. 3) and suggesting that most amino acid
replacements are weakly beneﬁcial.
Application of the above method to the 91 autosomal
genesofPro ¨scheletal.(2006)gavearesultsimilartothatof
the X-linked genes with respect to sex-biased and unbiased
genes, although in all cases the proportion of positively se-
lected amino acid replacements was lower in the autosomal
genes (ﬁg. 3). To investigate this further, we calculated the
rate of adaptive substitution for each group of genes, which
we deﬁned as the number of positively selected amino acid
replacements per 1000 nonsynonymous sites. This measure
takes into account not only the proportion of amino acid
replacements that are adaptive but also the total number of
replacements that have occurred between species. Figure 4
shows the X:autosome ratio of adaptive substitution for
male-, female-, and unbiased genes. In all cases, the ratio
is greater than 1, indicating an increased rate of adaptive
evolution for X-linked genes (i.e., a fast-X effect). The
largest effect is seen for male-biased genes, whereas the
smallest is seen for female-biased genes.
0
0.4
0.8
1.2
-2
γ
P
r
o
b
a
b
i
l
i
t
y
 
d
e
n
s
i
t
y
Male X
Female X
Unbiased X
Male Auto
Female Auto
Unbiased Auto
B
0
0.6
1.2
1.8
-3 -2 -1
02468 1 0 1 2 1 4
012345678
γ
P
r
o
b
a
b
i
l
i
t
y
 
d
e
n
s
i
t
y
Male X
Female X
Unbiased X
Male Auto
Female Auto
Unbiased Auto
A
FIG. 2.—Posterior distribution of the selection parameter c for X-
linked and autosomal genes with male-, female-, or unbiased expression
as determined by the method of Bustamante et al. (2002). (A) Distribution
of c using all polymorphic sites. (B) Distribution of c after removal of
low-frequency (singleton) polymorphisms.
Table 4
Summary of the Estimated Mutational Distribution
Feature Male Female Unbiased
Mean c of estimated mutational
distribution  14.24**  17.14  22.35
Proportion of new mutations
with c . 0 0.105*** 0.067* 0.028
Proportion of sample
polymorphisms with c . 0 0.466*** 0.380** 0.216
Proportion of ﬁxed
differences with c . 0 0.982*** 0.978** 0.968
Proportion of ﬁxed
differences with c . 2 0.906*** 0.887** 0.849
Proportion of ﬁxed
differences with c . 8 0.447*** 0.397** 0.310
Proportion of ﬁxed
differences with c . 12 0.214*** 0.174** 0.117
Mean c of ﬁxed
differences 8.15*** 7.48** 6.42
Proportion of ‘‘neutral’’
ﬁxed differences ( 2 , c , 2) 0.092*** 0.111** 0.148
Asterisks indicate values differing signiﬁcantly from unbiased genes, as
determined from 10,000 random permutations of the data. *P , 0.05, **P , 0.01,
and ***P , 0.001.
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The above analyses indicate that X-linked genes, es-
pecially those with male-biased expression, experience
greater rates of adaptive evolution than their autosomal
counterparts. To see if this difference is reﬂected in overall
sequence divergence between species, we examined the ra-
tio of nonsynonymous to synonymous divergence (dN/dS)
in male-, female-, and unbiased genes for whole-genome
comparisons of D. melanogaster and either D. simulans
or D. yakuba (ﬁg. 5). In general, male-biased genes were
signiﬁcantly more divergent between species than either
female- or unbiased genes (Mann–Whitney U test, P ,
0.002 for all comparisons). Furthermore, X-linked male-
biased genes had signiﬁcantly higher dN/dS than autosomal
male-biased genes, which is consistent with a greater rate of
adaptive amino acid sequence replacement in the X-linked
genes. There was also a small, but signiﬁcant, increase in
dN/dS for X-linked relative to autosomal unbiased genes.
There was no difference in dN/dS between X-linked and au-
tosomal female-biased genes. These results are in qualita-
tive agreement with the X:autosome ratios of adaptive
substitution rates inferred from the polymorphism and
divergence data (ﬁg. 4).
Discussion
Selection on X-linked Sex-Biased Genes
Our analysis of X-linked protein-coding genes by in-
dividual MK tests and the multilocus tests of Bierne and
Eyre-Walker (2004) and Bustamante et al. (2002) revealed
a strong and signiﬁcant signal of positive selection in
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expression as determined by a modiﬁed version of the method of Sawyer
et al. (2007). The y axis shows the fraction of amino acid replacements
with selection parameter c greater than the value given on the x axis.
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Evolution of X-Linked Sex-Biased Genes 1645male-biased genes. Female-biased genes showed a weaker
signal ofpositiveselection that was signiﬁcant by thetest of
Bustamante et al. (2002) and marginally signiﬁcant by the
test of Bierne and Eyre-Walker (2004). Unbiased genes
showed little or no evidence for adaptive evolution by
the above tests. These results match those reported previ-
ously for a similarly selected set of autosomal sex-biased
genes (Pro ¨schel et al. 2006). Taken together, this demon-
strates that regardless of sex linkage, male-biased genes ex-
perience the greatest rate of adaptive protein evolution,
followed by female-biased genes, and then unbiased genes.
Although male-biased genes are signiﬁcantly underrepre-
sented on the X chromosome, those that remain X-linked
do not appear to be at a disadvantage with respect to their
opportunities for adaptive evolution. Instead, X-linked
male-biased genes appear to experience more adaptive evo-
lution than their autosomal counterparts (see below).
Analysis of the polymorphism and divergence data us-
ingamodiﬁedversionofthemethodofSawyeretal.(2007)
provided a more detailed picture of the distribution of mu-
tational effects. We ﬁnd that in all 3 groups of genes, over
95% of the amino acid differences ﬁxed between species
can be attributed to positive selection if one uses the strict
deﬁnition of c . 0. However, the selective advantage of
these amino acid replacements is typically quite small,
rarely exceeding c . 20 (ﬁg. 3). Thus, the vast majority
ofthese replacementscould beconsidered‘‘nearlyneutral.’’
This result is consistent with a previous analysis of autoso-
malgenes,whichfoundalarge excessofpositivelyselected
changes among nearly neutral amino acid replacements in
Drosophila (Sawyer et al. 2007). However, we do observe
some differences in the distributions of the ﬁtness effects of
amino acid replacements related to differences in sex-
biased expression. For example, under a more conservative
deﬁnitionofpositiveselection(e.g.,c.8orc.12),male-
biased genes clearly show the highest rate of adaptive evo-
lution, followed by female-biased genes, and unbiased
genes (table 4 and ﬁg. 3). These results are consistent with
those produced the methods of Bierne and Eyre-Walker
(2004) and Bustamante et al. (2002) and suggest that an
advantage of the Sawyer et al. (2007) method (and its ex-
tension presented here) is its ability to distinguish weakly
selected amino acid replacements.
Also consistent with Sawyer et al. (2007), we ﬁnd that
the majority (around 70%) of nonsynonymous mutations
segregating within a population are deleterious, although
this differs signiﬁcantly among the different sex-bias clas-
ses. Male-biased genes had the lowest frequency of delete-
rious segregating amino acid mutations (c , 0), whereas
unbiased genes had the highest (table 4). Conversely,
male-biased genes had the highest frequency of positively
selected segregatingamino acid mutations (c. 0), whereas
unbiased genes had the lowest.
Faster-X Evolution
Comparisonofpolymorphismanddivergencein45X-
linked genes with that in 91 similarly chosen autosomal
genes revealed evidence for a fast-X effect, which was par-
ticularlystrongformale-biased genes.Forexample,41%(7
out of 17) of the X-linked male-biased genes gave a signif-
icant MK test that was consistent with the action of recur-
rent positive selection, whereas only 21% (7 out of 33) of
the autosomal male-biased genes did so. Similar results
were obtained from the multilocus implementations of
the MK test, with X-linked male-biased genes consistently
showingthestrongestsignalofpositiveselection(ﬁgs.1–3).
Two main factors are likely to contribute to the increased
size of the fast-X effect in male-biased genes. First, male-
biased genes show the overall highest rates of adaptive evo-
lution. Thus, there are more opportunities for X-linked or
autosomal mutations to become ﬁxed through the action of
positive selection, which would make differences in the
adaptive substitution rate between the X chromosome
and the autosomes easier to detect. Second, male-biased
genes primarily experience selection while in the heteroga-
metic sex. As an example, consider a gene that is expressed
exclusively in males. If new beneﬁcial mutations tend to be
recessive, then those occurring in an X-linked gene will
have a higher ﬁxation probability than those occurring in
an autosomal gene because the X-linked mutations always
experience selection in a hemizygous state. In contrast,
a mutation occurring in an X-linked gene expressed exclu-
sively in females will never be exposed to selection in
a hemizygous state. Thus, new beneﬁcial mutations that
arerecessivewillalwaysbehiddenfromselectionuntilthey
drift to high enough frequency to be present in homozy-
gotes. Consistent with this expectation, our results indicate
that the female-biased genes show the weakest fast-X effect
(ﬁg. 4). The presence of a weak fast-X effect for female-
biased genes (ﬁg. 4) may be explained by the fact that these
genes do not necessarily have female-exclusive expression.
Thus,theymayexperiencesomeselection whileinthemale
genetic background. It is also possible that the ﬁxation of
dominantmutationsthatarebeneﬁcialtofemales,butharm-
ful to males, contributes to the increased rate of adaptive
evolution of X-linked, female-biased genes (Rice 1984;
Charlesworth et al. 1987).
The fast-X effect should be strongest for genes with
male-speciﬁc expression. Thus, one might expect a positive
correlation between the male/female expression ratio and
the rate of adaptive evolution of X-linked genes. Indeed,
fortheX-linkedmale-biasedgenes,wedetectasigniﬁcantly
positive correlation between the male/female expression ra-
tio and the selection parameter of amino acid replacements,
c (Pearson’s R 5 0.55, P 5 0.02). There is also a positive
correlation between the male/female expression ratio and
dN/dS, although this is not signiﬁcant (R 5 0.12, P 5
0.65). For the autosomal male-biased genes, correlations
between the male/female expression ratio and either c
(R 5 0.12, P 5 0.53) or dN/dS (R 5  0.03, P 5 0.85)
are not signiﬁcant. The increased rate of adaptive evolution
detected for the X-linked genes is not due to a greater male
bias in their expression relative to the autosomal genes. On
average, the autosomal genes show stronger male-biased
expression than the X-linked genes (15-fold vs. 6-fold).
Microarray data indicate that all the genes in our sur-
vey are expressed in male reproductive tissues and
that there is strong enrichment is testis (see Materials
and Methods). Because the X chromosome is thought to
become transcriptionally inactive during spermatogenesis
1646 Baines et al.(Lifschytz and Lindsley 1972; Hense et al. 2007), it may be
that the X-linked genes differ from the autosomal genes in
their function or in the timing of their expression (e.g., early
vs. late spermatogenesis). At present, the functional anno-
tation of the genes and the proﬁles of their expression dur-
ing spermatogenesis are not known well enough to
determine if such differences between the X and the auto-
somes exist. However, it is known that male-biased genes
are underrepresented on the X and that they show a rela-
tively high turnover rate between species (Zhang et al.
2007). Using the strict statistical criteria of Zhang et al.
(2007),weﬁndthat4/17(24%)oftheX-linkedmale-biased
genes and 16/33 (48%) of the autosomal male-biased genes
have conserved sex bias across the 3 species used in our
analyses (D. melanogaster, D. simulans, and D. yakuba).
The selection parameter of amino acid replacements, c,
does not differ signiﬁcantly between conserved and non-
conserved genes on the X (9.34 vs. 7.79, Mann–Whitney
U test, P . 0.5) or the autosomes (5.56 vs. 5.62, P .
0.5). Similarly, dN/dS does not differ signiﬁcantly between
conservedandnonconservedgenesoneithertheX(0.52vs.
0.34, P . 0.5) or the autosomes (0.14 vs. 0.12, P . 0.5).
However, the conserved genes tend to have higher mean c
and dN/dS than the nonconserved genes. This may be be-
cause the conserved genes have spent more of their evolu-
tionary history as male-biased and, thus, have been subject
to positive selection over a longer time scale. If so, this
would make our detection of a fast-X effect conservative,
as the X-linked genes have, on average, spent less of their
evolutionary history as male-biased genes.
For all the multilocus tests of selection, we performed
our analyses separately onX-linked and autosomal genes to
avoid making any a priori assumptions about the relative
effective population size Ne of X-linked and autosomal
genes. For methods that estimate selection parameters in
terms of c 5 2Nes, there could be a systematic bias if
the X and autosomes differ in Ne. One might expect the
X to have a smaller Ne because, in a population with equal
numbers of males and females, there are 3 X chromosomes
for every 4 copies of an autosome. However, several pop-
ulation genetic surveys have found no reduction of X-
linked relative to autosomal polymorphism in African pop-
ulations, including the population used here (Andolfatto
2001; Kauer et al. 2002; Hutter et al. 2007), which suggests
that the X and autosomes have nearly equal Ne. Our own
data also suggest an equal Ne for X chromosomes and au-
tosomes: when combined with the data of Pro ¨schel et al.
(2006) the X:autosome ratio of synonymous polymorphism
is 1.1, which does not differ signiﬁcantly from 1.0 (v
2 5
2.76, P 5 0.10).
Genome-Wide Divergence
In the above discussion, the fast-X effect refers to
a greater rate of adaptive evolution for X-linked genes,
which is inferred from ratios of polymorphism and diver-
gence at synonymous and nonsynonymous sites. This does
not necessarily mean that these genes have a higher rate of
nonsynonymous substitution between species. As an exam-
ple, consider the case in which gene A has 10 nonsynon-
ymous ﬁxed differences between species and an a of 0.5,
whereas gene B has 40 nonsynonymous ﬁxed differences
and an a of 0.1. If the 2 genes have similar rates of synon-
ymous substitution, then gene B would appear to evolve
faster, whereas gene A would have the higher rate of adap-
tive evolution. However, much of the difference in rates of
adaptive evolution between X-linked and autosomal genes
in our data results from differences in the ratio of the num-
ber of nonsynonymous to synonymous ﬁxed differences
(Dn/Ds). For example, Dn/Ds for X-linked male-biased
genes is 1.4, whereas that for autosomal male-biased genes
is0.5.Thissuggeststhatweshouldbeabletodetectasignal
for faster-X evolution from whole-genome comparisons of
nonsynonymous/synonymoussubstitutionrates(dN/dS),es-
pecially when partitioning genes into sex-bias classes. This
is exactly what we see in our whole-genome comparisons.
There is a signiﬁcant fast-X effect for male-biased and un-
biasedgenes (ﬁg. 5),but notfor female-biased genes. These
results match the expectation for the frequent occurrence of
recessive beneﬁcial mutations, which should have the
strongest effect in male-biased genes, the weakest effect
in female-biased genes, and an intermediate effect for un-
biased genes (see above).
Our detection of the fast-X effect depends on the par-
titioning of genes into sex-bias classes. For example, al-
though the effect is strong for male-biased genes, there
are very few of these genes on the X chromosome (ﬁg. 5).
If one were to pool all X-linked and autosomal genes
in the genome, the X-linked male-biased genes would
cause only a small increase in overall X-linked diver-
gence, whereas the autosomal male-biased genes would
have a larger effect on autosomal divergence. Because
both X-linked and autosomal male-biased genes have
higher divergence than their female-biased and unbiased
counterparts (ﬁg. 5), this would work to obscure the
fast-X effect. Similarly, the inclusion of female-biased
genes would tend to obscure the effect, as these genes
show no signiﬁcant difference in dN/dS between the X
and the autosomes (ﬁg. 5). Finally, it should be noted that
the unbiased genes were carefully chosen to show no male
or female expression bias in any of 3 microarray data sets
(Gnad and Parsch 2006). Thus, many genes that show
conﬂicting sex-bias among experiments were not included
in our analysis. If we repeat the analysis by pooling
all genes in the genome, without consideration of sex bias,
there is no evidence for a fast-X effect (Mann–Whitney U
test, P 5 0.10 for D. melanogaster/D. simulans, P 5 0.49
for D. melanogaster/D. yakuba).
Comparison with Previous Studies
Our observation of a fast-X effect, both from analysis
of polymorphism/divergence data and from whole-genome
comparisons, runs counter to several recently published
studies, most notably those of Connallon (2007) and
Thornton et al. (2006), both of which found no evidence
for faster-X evolution. Below we discuss several factors
that may contribute to these differences.
Connallon (2007) used previously published polymor-
phism and divergence data from 337 D. melanogaster
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(2006) used here, to show that a (measured by the method
ofBierneandEyre-Walker[2004])isnotsigniﬁcantlyhigh-
er for X-linked than for autosomal genes. However, this
data set contained only 2 X-linked male-biased genes (de-
ﬁned as having greater than a 2-fold male bias in a single
genome-tiling microarray experiment [Stolc et al. 2004])
and thus was not suitable for testing faster-X evolution
in male-biased genes, which are the group that show the
strongest effect (ﬁg. 4). To avoid problems of the unequal
representation of X-linked and autosomal male-biased
genes, Connallon (2007) removed all male-biased genes
and analyzed a pooled set of female-biased and unbiased
genes. This data set also showed no signiﬁcant difference
in abetween X-linked and autosomal genes. A limitation of
thisapproachisthattheaestimatesproducedbythemethod
of Bierne and Eyre-Walker (2004) typically have large 95%
CIs, which makes it nearly impossible to detect signiﬁcant
differences between groups of genes when signiﬁcance is
deﬁned by nonoverlapping 95% CIs. Our own data show
that there is considerable overlap in the 95% CIs of a
for X and autosomal genes (ﬁg. 1) and also among
male-biased, female-biased, and unbiased genes within
the different chromosome groups. Thus, the inability to de-
tect a fast-X effect by this approachmaybe a resultof a lack
of statistical power. Interestingly, the data of Connallon
(2007) do show a consistent, but not signiﬁcant, trend of
higher a for X-linked genes (see his ﬁg. 2).
Thorntonetal.(2006)tookadvantageofanX-autosome
translocation present in Drosophila pseudoobscura and
Drosophila miranda, but absent in D. melanogaster and
D. yakuba, to test for faster-X evolution. For this, they
examined dN/dS of homologous genes that were X-linked
in one species pair, but autosomal in the other. This anal-
ysis revealed no evidence for a fast-X effect. Additionally,
these authors investigated dN/dS of X-linked and autoso-
mal genes with male- and female-biased expression be-
tween D. melanogaster and D. yakuba. Here they
found no signiﬁcant difference in dN/dS between X-linked
and autosomal genes within either expression class. For
the male-biased genes, this contradicts our ﬁndings
(ﬁg. 5). There are 3 differences between our analysis
and that of Thornton et al. (2006) that might explain this
discrepancy. First, they used only a single microarray data
set (Parisi et al. 2003) to classify sex-biased genes, wheras
we used a consensus of this data set and 2 others (Ranz
et al. 2003; Gibson et al. 2004). Thus, our data presum-
ably contain fewer incorrectly classiﬁed genes. Second,
Thornton et al. (2006) included only autosomal genes
from chromosome arm 3L, whereas we include genes
from all autosomal chromosome arms (except chromo-
some 4). The larger sample size of autosomal genes in
our analysis should result in increased statistical power.
Finally, Thornton et al. (2006) included only genes for
which homologs could be aligned in D. melanogaster,
D. yakuba, and D. pseudoobscura, whereas we did not
require conservation in D. pseudoobscura. This is proba-
bly the major factor contributing to the difference between
the 2 studies. The requirement of conservation in D. pseu-
doobscura eliminates the most rapidly evolving genes
from the analysis, and it is known that male-biased genes,
especially those that are X-linked, tend to be the least
conserved between distantly related species (Parisi et al.
2003; Zhang et al. 2004; Musters et al. 2006; Haerty
et al. 2007; Sturgill et al. 2007; Zhang et al. 2007). Indeed,
this can explain why the dN/dS values of Thornton et al.
(2006; see their ﬁg. 3) are much lower than the values
in ﬁgure 5. If we repeat our analysis following the method
of Thornton et al. (2006) as closely as possible, we get
median dN/dS values of 0.061 and 0.058 for male-biased
genes on chromosomes X and 3L, respectively, and this
difference is not signiﬁcant (Mann–Whitney U test, P 5
0.44). Thus, the results presented by Thornton et al.
(2006) appear to be valid for the data they used. However,
we suggest that their approach was too conservative to
detect a fast-X effect for male-biased genes.
Because detection of the fast-X effect appears to be
sensitive toseveralfactors described above,itisnotsurpris-
ing that its existence has been controversial and that differ-
ent studies have reached opposite conclusions. Our results
show that X-linked genes, especially those with male-
biased expression, do evolve faster that autosomal genes
and that this difference in evolutionary rate is due to in-
creased adaptive evolution of X-linked genes. Detection
of this effect, however, requires the accurate partitioning
of genes by their expression level in the 2 sexes and the
use of sufﬁciently powerful statistical methods.
Supplementary Material
Supplementary tables S1 and S2 are available at Mo-
lecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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